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TECHNICAL.NGTENO. 412.

THE A3!RODYNAMIC.,CHARACl?ERISTICS03’AIRFOILSAT. .

Figure 10: T!hec.p. at -7.9° should be 14.9 per cent “
instead of 4.9 per cent.

Figure.20: ‘Thepart of the c.p. curve from -14° extend-
ing to and beyond -8° should.be concave
upwards. The true form of these and other
c.p. curves may be obtainedmore accurate-
ly by computing c.p. values from the curves
of cm c/4”
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. .. . . . ‘-.l?ECHNICAIINOTE NO.”412-m;,.,,.. .. -—.——......
. . .. . ““THE’”AERODYNAMICCHARACTERISTICSOF AIRFOIL$!

.. .. ,: .. . .
.,. . .-. AT NEGATIVEAI;GLES‘OFA~TACK
..-,. ,, ,’

3J+Raymohd F. Andergon .

. . . . ,. -... - .kUMMAR~.....# :
.. :... ..

- A nuxn%erof airfoils, including14 commonlyused eir-
fo’ilsand 10 I?,A.C;A,airfoils,were tested through the
negativeangle-of-attackr’tingein the N.A,C.-4,varia3le-
densitywind tunnel at a ReynoldsKumber of approximately
3,000,000. The tests were made to supply d~ta to serve as
a basis for the structuraldesign of @irplanes in the in-
verted flight condition. In order to make the results im-
mediatelyavailablefor this pur~ose they are presented
herein in p“fieliminaryform,

-..___
‘to.getherwith result:$.of pre-

x:io~~tests of the airfoilsat positive angles of att.nck.
.. :.“

An analysis of the resuitsmade to find the variation
of the ratio of the maximum negative lift coefficientto
the maximum positive lift coefficientled to the.fol-lowing
concllisions: .. ..

.. For airfoils of a given thickness,”~fi~rtitio
-CLm~J+cL max tends to decreaseas the mean cahber is
iticreased.

For airfoils of a given mean camber, the ratio
-CL m~~/+cL max ‘ends . -to increaseas the thicknessin-
c-roases.

INTRODUCTION

There is at present little information,on the aero,-‘“
dynamic characteristi~csof airfoilsat negativeaq~les of-
attack. In.the few-.~astswhich Lave.-been?na&-ethe Re,Y- ,
nolds Number has been low. .-.:
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The need for addlti~nal”data in this range was re-
cently experiencedby the Bureau of Aeronautics,Navy De-
partment,while they were’”formulati.ngrationalprocedures
to be follok”ed:in’”designingairplanesfor’the dive and in-
verted flight conditions, Accordingly,a number of air-
foils suggested:%y”the”But.eahof Aer.on’auticsand a numler =
of N,A.C,A.airfoilswere testedat negativeangles of at-
tack in the N,A.C,A,var3able-densitywind tunnelat a

.

ReynoldsNumber of approximately3,000,000.

Part of the resultswere published in a preliminary
note (reference1) before the tests were completed. The
present report gives all the results, includingthose pub- .—

Iished in refereno”el“and”the-resultsof previouslyun- .——
publishedtests of the airfoilsat positiveangles of at-
tack.

—
. . .--

,.

APPARATUSAND METHOD
,

A brief descriptionof the redesignedv-ariable-den-
si.tywind tunnel and it-smethod,ofoperation.-will be found

.——

in reference2. The customary5 by 20 inch polished du-
b

ralurninairfoilgwere used in the tests. In reference2
will be found a descriptionof the method of constructing

—

the‘airfoils. The specifiedordinateswill be found in
Table S.

The airfoilswere test-ed.inthe u$ual’manner(as de-
scribed,in reference2) except for the method of mountring
on the support struts. When airfoilsare tested at posi-
tive angles of attack they are mounted on the support
struts of the balancewith the sting and strutsat$ached —
on the flat side. Ii’orthese tests,however, the airfoils
were invertedand the sting was placed on the curved sur-
face to leave the flat surfacefree from obstructionsthat
might affect the value of the maximumnegativelift coef-
fi~ient.

The measurementsof lift, drag, and pitchingmoment
were.made at,a pressureof approximately20‘atmospheres .

and an air speed of approximately?0 feet per.”second, .
which correspondto a ReynoldsNumber of.3,100,000: The
t--est”~at positiveangles of attack were made under the M
sameconditions,

.—.—

b
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After thb tbsts were complet’ed~ :clieck~ests were
made on some of th?,N,&.C,A,..qirfo$ls..!The..~~xiqumlift
coefficientswere’fovn”d %,CI~?”..of” the.order.of3 p-er”cent.
lower than tih6,V&I.u6sobt~ined,in the.f~rst test~t It
was suspectedthat the d~fferericemight ,haveteen due to
rougheningof thq’fioses“of.thqairfoils,by,pa~t”j,clesi:n
the air stream. Several of the N.A.C.A. airfotlswere
thereforerepol,i-shqdon the.noseand on.retost”gave,val-
ues of tiaximuti,,llf.tcoetfic,ients’approximate>-yequal to,
thos’eobtain6d in the .fir$t..tests,~I.t”wastherefore.ap-
parent th’atin order”’tomake’accurate conpariso-nof .th’e.”..
maxi~um lift coeff+cients,pos.sible,special.care.wasnet-,
essary’infinishingthe nosee of the airfoils. The.dif-
fe.rence,sbetjveenthe surfacesofthe air,foilaused’,inthe
tests.desqriPedin this.r.epqrtare got.k~own, “butIt is
estiuatedthat the uncertaintyinthe .ma.ximurnlift coef-

. ficient’sresultingfrom possi~le variationsof the .su,r-
faoe texture does’n’otexceed~3 pe~ cen”t.;Inasmuch‘as
other sources of error may amountto,~1per cent, the.Ve:l-

* ues.of the maximum-lift’”c’oe-ff:icleritsmay’be conk,{’de”r~”d,
accurateto within ~4 per cent. . ..’

-Ifthe results of the pres”enttest’s”for thk~Cla~rk.Y;
.....

the,M-6,the.U.S.A.””27,and the U;S,A’.35B airfoils”;a.re
comparedwith the”results for’these airf’oilsfrom t~~ .
testsmad.ein the original tunnel;the maximum lSft cOf3f-
ficientsfrom the earlier testswill be found to,,}elover.
(Reference3,) Although’the original~u~nel’d’ifferOd.”in’
some respectsfrom.th”e,p’resentone, most of the difference
between the maximum lift coefficients“i~attributedto the
use of unpolishedairfbils in the originaltunnel.

.. ,, ,.

RESULTSAND DISCUSSION .,

The me~hod’usedin obt~inin~,’thefinal results, in- “
,“

eludingthe correctiori,forthe influenceof the tunnel
Wt311S, ~8 giveP’~?: r.efe~e+ce?* ~@17~es.of“.Cfi;““CD;‘C~o!““
o .arid,c;.p.~.~repiotted.againstangle’of .at:tackIn “
me/4,
Figures 1 to:24.

,,
* These c,u’r;es,,togethirwith .t>eigd$- .

cated“values“ofCmO’(C tihbnCL = 0), present the data
me/4 ,,

in preliminary’forti.with:sufficienta,cc:uradj:for”use in
.. . ,..

●

..,,, .. .,. ....” ..,.., , !.. -.
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structuraldesign. A technical”reportwill ]e published
later which will give these and other results in a more
completeform, includingtables of the data,.. .

T!oixidicat-ethe scale effect.on the negativerange
of’the ‘liftc“urv’e’,data on the CYH airfoil”a&e’comp”ared
in T?igure25.: Tliecu~ve from”the test at Iow Rey~olds
Number shows a“btirbleat a’cohq?arativelylow angle of at-
tack foll”otibdhy a gradual inciease in lift._ !.

..,. .. t
An efforthas been made..tofind the vatiiation”of”the

maximum negativelift coefficientsof.thebe girf6ilBwith
tha:shapesof the profiles. For.%his..purpose.tha ratio
-c ,,. . .
L max has.beeti.us.ed~,The”determinati~nof-the variatiori

“~”~a~,.,. . . . .. %.. .
of this rat.i~with the shape of-tileprofile $s difficult”
because:of th~ large number of variableswhich determine
th-e”shaye.’-However,a reasonablyconsistentvariationof--

‘UL max has “beenfound with”two”shape.char?c-”.“the”ratio —————
+CL ma~’ “

teristicsof the’profi16s- the thickness(maxirnum)”and
the mean camber. .

For tbs.purpose of this analysisthe.m~n camber is
definedas the maximum departmreof the mean line of the
profile.”fromthe chord’,where.thechord”,is taken as the
line joiningthe extremitiesof the mean ,line. The mean
line is definedas a “linemidway between the upper and
lo~er surfacesof ‘theprofile,irhere”the thi.clmessis
measuredperpendicularto the mean line..—

In Tigure 26 ‘UL lilaX h

‘CL’max
as been~p”lotted,against the, ,,

mean caml)erand a line has been drawn in to represent
‘CL maxthe variationof ——--
+CL lnax

.wi:ththe m-bancamber for pro-

files of 12 per cent thickness, The values for profiles
of approximately12 per”cent “thiclkn-esslie near this
line; whereas the values for thj.cke”rand thinnerpro-
files lie’ahoke and below it,respectively. The ratios
for the 2512, the 4512,.andthe 6512 (which.have the
mean.camberat .0~5of the chord and a thicknessof 12’
per”c“ent)have ‘the,sarne”t,rerid‘a%‘the”general=-trendof the., . !,

‘CL max””d “
ratios,;thpt is, ————— ..ec.reases”as thk mean camber in-

+CL max.. ., ,...
creases. The Clark Y, the Clark Y M-15, and the

—

.—

..- .---,

—.

.-
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Clark Y M-18.profiles,which have a~proxirnatelythe same. .-.......-.---x.:.. .~u~ ~ax
mean camber, show an incre~seof ——

‘CL max
as the thickness

is increased..(Ph@.@.esignat>on~ ..mp@qs.that the pro-
files ~ere t~i~ke~iid.fro.~’the’”tie~n”.ord.ip~tesof the ori-
giaal Clark Y.)’””, .. ““. “.. - ..,

The plot may be used”for””tiakingan estimateof the
value of ‘CL ma for any airfoil for which data are avail-

1able from a war able.-d”ensity.tun@eltest at positive.an-
gles of attack. The atrfo”il.~houldbe located on the plot
accordingto its nean cambei’’(foundAS described’above)
and th.ickne$s.If thee?irfoilis similar to one of those
on the plbt, the locat]ng of ~t,siillbe easierq. - .. -- ..

‘The:.errorin t~e”e’stimateis likely to be large if
the profile has peculiaritiesof sliape”stichas a-sharp
curvatureof the leading or,$railingsection.s,...but.for
pfiofi-lesof con-rentiQfi~lshape,’the 0rror-i~.,~~0’6.~titiat&:”
of--cL”maxshould not”exceed 12 per cent.of,,jhe~~truevalue.,, . -’ .. . .

CONCLUSIONS -

1. For airfoils of a given thickness,the ratio

‘CL ‘ax tends to decreaseas the mean c~mber is increased.——.—
‘CL max

2. For airfoils of a given mean camber, the ratio

‘CL ‘ax tends to increaseas the thicknessis increased.
‘CL max

.-
..
.—

Langley MemorialAeronauticalLaboratory,
National Advisory Committeefor Aeronautics,

Langley Field, Pa., February26, 1932.
.
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T-~~ 1

Ordinatesof theAirfoilsinPerCentof theChord

!Airfoil! ClarkY

E!CT==
0 I 3.5013.50

1-1/4 I5*45 1993

2-1/2 6.50 1.47

5 7.90 -.93

~ 10 ! 9.601 ,42

15

20

30

40

50

60

70

go

90

95

100

1O.(% ● 15

11.36 .03

11.70 0

11.40 0

10.52 0

9.15 0

7*35 o

5.22 0

2.go o

1.49 0

m12 0

.

ClarkY-lg

..-

Upper

5.3g

8.38

10.00

12.15

13.61

14.76

16.45

17.47

la.oc

17● 53

16.19

14,07

11.30

~.o~

4.31

2.29

.18

Lower

5.38

2*97

2.26

1.43

997

● 65

.23

.05

0

0

0

0

0

0

0

0

0

ClarkY M-IT

---

Upper

3.50

5.95

7.21

g.fx

10● 01

lo.g9

12.17

12.96

13.35

13.01

12.00

10.44

8.39

5995

3.20

1.70

.14

Lower

3.50

1.4J

.76

- .05

- ●53

- .gl

-1.34

-1.56

-1.65

-1.61

-1.4g

-1.29

-1,04

- .74

- .40

- ,21

- .02

7

Upper

3.50

(+.40

7.85

9.7i

11.06

12.07

13;52

14.41

14.g5

14.47

13,35

‘11.61

9*33

6.62

3.56

1.90

● 1P

TLowerUj:per3.50 1.77

.gg 3.s0

•~1 5*O7
- .94 6.94

-1.58
I

f3m22

-.2.05i 9.19

I-2.69 10,50

-3.02 ‘ 11’.37

-3,15 11.97

-3.07 u.6Ef

-2.83 10.gs

-2=46 9.54

-1 ●~g G*OG

-1.40 6.10

- ●75 ~,tjy

- .40 2.26

- ,03 .67

Lower

1.77

.50

.36

.19

.10

● 02

● 10

.36

● 93
1.14

.75

●2g

.06

●m

.12

933

.65
I—.
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TABLEI - COlTT13?U~

Ordinatesof theAirfoilsinPerCentof theChord- Continued

Boeing103

1.25

Boeing103A

0.97

NACAM6
..-

Ypperl Lowe~

+

I1.97 -1.76
I

2.in -2.20Ik,03 -2.73
}

4.9Q-3.03

5;71 -3.24

6.g2 -3.47

7*55-3.62

8.01 -3●71

tf.22-3.79

Ig.o~ -3.90

7.26 -3.94

6.031-3X2

4.58 -3.4~

3.06 -2.g3

1.55 -1.77

.m -1.08

.26 - .26

NACACYH

1.50

Airfoili U.S.A.35B
L.E. ~
Radius ~—.—
Stations——.

0

1-1/4

2-1/2

!5

7-1/2

10

15

20

25

30

40

50

%

65

70

80

90

95

100

Ii),2.

..-

Lower Upper LowerUpper]
,

3,56

!5.10

7.17

~.56

9855
10.35

11.53

12.2g

12.70

12●b2

11.56

m. 21

s .y3

6.26

3*W

2.50

1.11

3.56
.

2.20

1.73

1.22

s!!%

.64

.32

.,15

.02

0

● 02

.11

.25

J6

.71

.s5

1.00

2.76

~.1~

6.11

7.52

~m65

9.45

10.56

llm2g

11.76

11.$2

10.33

S.m

7.08

5.02

2.72

2.50

.25.

2.76

S*O3

.63

●2g

914

.07

.00

.05

.15

.2g

939

.%

,k2

~35
.20

● 12

.00

2.92

5*fjo

5.Ef7

7.01

7.82

g*M

9.44

10.00

10.40

10.17

9.47

G.36

6*W5

5.13

3.1$

2.14

●E?7

2.92

I.t?o

1.42

1.00

.72

.52.

.26

.12

.02

0

.02

,Og

.17

.30

.45

●53

.g7.

3.50

5.45

6.50

7.90

6.85

9.60

10● E%

11.36

11.70

11.40

10.52

9.15

8.30

7.41

5.62

3*I34

2.93

2.05

3.50

1.93

1.47

-93

.@

.42

,15

.03

0

0

0

0

0

.06

.y3

1.02

1.40

1.85

.

.

.,

.

0.250.05 --- .----
“Radius
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r TABLEI - CONTINUED

OrdinatesoftheAirfoilsinPerCentoftheChord- Ccntinued

Airfoil
L.E.
Radius
Stations

o

~-1[4

‘ 2-1/2

5“
7412

10

15

20

30

40

50

60

70

go

90

95

100

N 22

---a
3037~

5.JjL3

6.66

8.25

9.33

10.13

11.2g

12.01

1$?.42

12.01

11.C4

9.57

7.6a

5.51

3.c6

1.73

.40

Lower

3*37

1.70

l.1~

.62

.32

.16

003.

0

.35

.15

.24.

.30

.32

● 24

.12

*O5
o“

. .

c 72 I Boeing106 i G~tt. 39g
1.40 ~ 0.70 ---

Upper

3.49

5*55

6.51

7*~9

g.gs

9.60

10● 69

H. 36

11.73

H*41

10.53

9.15

7.36

5.23

2.$30

1.52

.10

1.92 ~ 5.261
I

1.54 I 6.20I
1.,47 I 6“141- l*WI 7“M

.93 i 7.54 .&2 9.17

.64 g.56 .04 10.37

..43 9.44 - .s 11.25
I

.16 ‘ 10.62 \ - .64 12.53
I

.03 ~
I

11.3$ - .90 13.34

0’ 11.m -1. M 13.8(2
!

●a 11.5& -1.28 13.34

● 59 1o.54 -1.30 12.27

● 85
I

g.og
I

-1 ● 22 10.63

.91 7’.1E? - .gg S*53

●72 4.96 - .72 6.12

i-o 2.54 - .42 :.40

● 21 1.29 - .23 1.92

0 .C4 - .04 .40

Lower-
3.74

l.gg

1.28

.69

935

.xa

,03

Q

.05

.17

.27

●33
.:5

.27
“-i, .- 3
.06

c
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TABLEI - CONTINUED i

OrdinatesoftheAirfoilsinPerCentof theChord- Continued

L.?I. I
Radius @.&37 } 1.576

Slope of i i
radiuspass-1 2/20! ,2J20
jngt3.rou@
endofchord~ I~ 1 t
Stations lUpFerILower!Upper!Lower

}-

1

! 0.00’1- ;“”0.00

I
1.62 -1.23! 2.151-1.651

0

1-1/4

2-1/2

5
7-1/2

10

15

20

25
30

40

50

60

70

go
CjCJ

95

lGO

100

2*2T -1.66“ 2.99~-2.27!
3.20 -2.151 4.13\-3.~1

I-.2.44\4.~6’-3.463.87

4.43 -2.6o I 5.63 -3.75
I

5.25 !-2.77 I 6.61\-4.Io
I5.81, -2.79~ 7.26~-4.23

2.464 I 1.576I 1.576

2/20 k/20 ~ 2/lo
I

~per,LOwer,UpperLower UpperLower
! O.co, - O*OO - 0s00
t

2.71\-2.061 2,44 -1.43 2.i4 -1.46
I

3.71!-2. ~6 3.3+-1.95

5.07i-3.84 4.731-2.49
1-4.47 5.76 -2.74

6.59 -2. g6

J

7.97-5.42 7.8g -2. $g

g.7 -5.66 g.~o-2.74
~

1~ G.lf+~-2.74 ~ 7.67~-4.22~ 9.17’-5.70 9.41

I 6.3s ~-2.62 ~ 7.g~\-4.12: 993 -5.62 9.76r
: I 1i 6.35 -2.35 I pL@)i~9*2S-5.25 9*W
i

5.92 ! -2.02! 7.2~-3.+ 8.57 -4.67
I

I d

9.19

I5.22~-I*S36.361-2.76! 7.5 -3.50 g“14
4.27 ~-1.24 \ 5.lg -2.14; 6.1

I 4 -3*C5 6.69

3.10 IL .wj II, 3“75,-1.50~ ~4.47-2.15 4.s9I
.47! 2*&

‘II

.821 2.4 -1.17 2.71t.72~-

.94p ~2g\ :-1.141 .4s’ 1.3 - .6g 1.47

d
(.1O)I(-.ZG) (.1 (-.13 (416) (-,16 (.33

.-l ● 00 - I .00! - .00 -

3.35 -1.96

4.62 -2.55

5.55 -2. a9

6.27 -3,11

7.25 -3.44

7.74 -3.74

-2.50 7.93 -3 ●94

-2.26 ‘ 7.97 -4.03

-l*go 7.68 -3.92,

-1.40 7.02 -3.56

-1.00 6.07 -3.05

- .65 4.90 -2.43

“39 3=52-1.74

- .22

II

1*93- ●97

- .16 1.05 - .56

(-.13 (.13) -013)

.00 - I .00
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TABLEI- CONTIliVED

Ordinatesof theAirfoilsinPerCentof the&fiord- Continued

Airfoil
L.I!.
Radius
Slopeof
radiuspass-
ingthrough
endofchord
StatiO.ns

o

l-l[h

2-1/2

5

7-1/2

10

15 .

20

25

30

40

50

60

70

go .

90

95 .

100

100

l~AcA2512

1.576

2/25

=

T

O*GG

2.09 -1.70

2.91 -2.33

1

4.0 -3.09

4.g3 -3.59

5.4 -3.92

I

6.4 -4.30

7.03-4.43

7.4 -4.44

7.6 -4.33

7.7 -3.90
1

3*9S-1.33

2.lq - .72

1.1$1- .42

(.13) (-.13)

.00

HAGA6512 INACA4509 HACA4512

1.576 o.m7 1.576

6/25 4/25
I

4/25

UpperLower Upper~LowcrlL?pper~Lower,

-1

I
C*OO - I

I
0.00 - 0.00

1
1.75’ -1.12

I II
2,33-1.51

3.561-1.82\ 2.471-1.50. 3.22”-2.07

5.G2-2.26I

6.13~-2oxJ

7.06!-2.@j

IS.pg-2.27\

‘1
9.69-1.91

10.50-1.47

11.07- .gg

n. 56 - .06

11.29 471

lC!.35 1.21

&76 l.yj?
I

6.Fj4 1.24

S.i% ●72

2.00 ● 33

(.12) {-.12}

.00

3“5f
-1. g4

4.34-1.99

5.o~ -2.05

6.14-1.96

6.&j -1.75
A7.47-1.47’

7.&j -1.16

g.14- .52

7*9

!

● C3

7.2 .42

5.1
~

.62

4.5q .60
1

2.54 “35

1.3

1

.15

(cog (-.09)

I .00

5.46

6.25

7.45

-2.99

-3.M

-3.23

8.34 -3.17

g.$ip_2.95

9.37 -2.66

g.64 -1.97

9.29 -1.29

8.43 - .70

7.C6-“*a

I5.23- .C4

!

2.9 .00

1.5 - .C4

(.12)(-.12)

.00

3ACA451G .
3,543 I

@per Lower
0.00

3.56-2.25

$.79-j.16

6.49-4.27

7.74-4.96

S.74-5.41

10●25-P.gg
I

n.27’ -6.01 ‘

n.96 -5.91

12.37-5.6~

12.~~J:.gg

LX,$Lp-3.94

lo.721-L?.gg

2,01 - .44

(.19) [-.19)

,00

.
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Aspect ratio, 6. md wall correction applifd. Dates, 4/S1 and8/31.
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